Fermi level depinning in metal/Ge Schottky junction for metal source/drain Ge metal-oxide-semiconductor fieldeffect-transistor application
Schottky barrier height reduction for holes by Fermi level depinning using metal/nickel oxide/silicon contacts We report the experimental demonstration of Fermi level depinning using nickel oxide (NiO) as the insulator material in metal-insulator-semiconductor (M-I-S) contacts. Using this contact, we show less than 0.1 eV barrier height for holes in platinum/NiO/silicon (Pt/NiO/p-Si) contact. Overall, the pinning factor was improved from 0.08 (metal/Si) to 0.26 (metal/NiO/Si). The experimental results show good agreement with that obtained from theoretical calculation. NiO offers high conduction band offset and low valence band offset with Si. By reducing Schottky barrier height, this contact can be used as a carrier selective contact allowing hole transport but blocking electron transport, which is important for high efficiency in photonic applications such as photovoltaics and optical detectors. V C 2014 AIP Publishing LLC.
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Fermi level pinning theory suggests that in a metalsemiconductor (M-S) contact wave functions of electrons in the metal can decay into the semiconductor in the band gap ( Fig. 1) , creating intrinsic states known as the metal-induced gap states (MIGS). 1 The energy level in the band gap at which the dominant character of the interface states changes from donorlike to acceptorlike is called the charge neutrality level (E CNL ). In a M-S junction, charge transfer generally occurs across the interface, charging of these states creates a dipole that tends to drive the band lineup toward a position that would give zero dipole charge. This effectively pulls the metal Fermi level (E FM ) towards the charge neutrality level (E CNL ). How strongly E FM will be pinned towards E CNL is determined by the pinning factor (S), which is defined as the rate of change in the Schottky barrier height (/ B ) with respect to the change in metal workfunction (/ M ). Empirical trend established by M€ onch 2 relates S to the dielectric screening of the material on which the metal Fermi level is pinned as
Effective metal workfunction (/ M;eff ) of a pinned M/S junction is therefore given by
Here, e 1 is the high frequency dielectric constant and / CNL is the charge neutrality level with respect to the vacuum. Pinning can cause large contact resistance due to a very high Schottky barrier height irrespective of the metal used. Insertion of an ultra-thin insulating layer between semiconductor and metal is known to reduce this barrier.
3 The purpose of the insulating layer is to attenuate the metal wavefunction penetration into the semiconductor, reducing MIGS and thus reduce pinning (Fig. 1) . In the early work, common oxides and nitrides have been proposed for this purpose as insulator.
3 This introduces high tunneling resistance resulting in a trade-off between decreasing pinning and added tunneling resistance. Proper choice of band offset for the desired contact can solve the problem of added tunneling resistance in metal-insulator-semiconductor (M-I-S) contacts. For example, titanium oxide (TiO 2 ) and zinc oxide (ZnO) have been shown to reduce the contact resistance for electrons in n-Si, n-gallium arsenide (GaAs), and ngermanium (Ge). [4] [5] [6] [7] These oxides work better in n type contact because they have close to zero conduction band offset. Most of the research efforts so far have been centered on the reduction of effective barrier height seen by electrons in n type contacts by the depinning of metal Fermi level using M-I-S contacts. N type contact in Si and Ge is problematic because metal pins close to the valence band. This introduces large Schottky barrier height for electrons, resulting in high contact resistance. Reduction of the barrier for holes in p-Si is also important because it will lead to the path of designing low-doped highly conductive p type contact with higher selectivity between two types of carriers. By selective contact, we mean a contact, which allows only one type of carrier and blocks the other type of carrier. Selective contacts are useful in solar cell where proper separation of carriers upon generation inside the absorber is the key to ensure high open circuit voltage. Recently, it has been shown that highly selective low-doped M-I-S contact can improve the efficiency of c-Si solar cell up to 27% in ideal condition. 8 Therefore, M-I-S contact for both types of carriers is essential for high efficiency solar cell. However, nothing has been reported experimentally in this regard so far. Recently, NiO has been predicted to work as a suitable material for M-I-S contact to p-Si. 7 The prediction has been made on the basis of band lineup with Si. The band lineup of NiO with respect to Si is suitable for reducing barrier height for holes because there is a small valence band offset and a high conduction band offset. 9 In this letter, we have shown the experimental proof of barrier height reduction for holes using NiO as an insulator in M-I-S contacts on p-Si. By varying the metal workfunction, we have experimentally extracted the effective barrier height seen by holes in metal/NiO/p-Si M-I-S contacts and compared it with the control sample of metal/p-Si. We have seen significant improvement in the pinning factor from 0.08 to 0.26. We have shown barrier height less than 0.10 eV for Pt contact to p-Si. This finding signifies that NiO can be a suitable choice for hole selective p type contact in Si solar cells replacing highly doped p þþ contact region with a better carrier selectivity.
Experimental structures are shown in Fig. 2 . NiO was deposited on moderately doped (10 16 cm À3 ) p-type Si wafer using radio frequency (RF) magnetron sputtering from a NiO target. The deposition was done with a flow of 5 sccm of oxygen and 45 sccm of argon gas mixture at a pressure of 3 mTorrr. Higher oxygen partial pressure during NiO deposition is reported to have higher conductivity by introducing both Ni 3þ and Ni 2þ states. 10 The thickness of the NiO deposited was 26 Å measured from ellipsometry. On top of the NiO layer, metal was patterned by lithography and the other contact was taken from the back of the Si substrate. In order to vary the metal workfunction, three different metals were deposited aluminum (Al), molybdenum (Mo), and platinum (Pt). With workfunction varying from 4.16 eV to 5.52 eV, this covers almost the entire bandgap range of Si. M-S structures using the same metals on p-Si were also fabricated in order to compare the Schottky barrier heights of different metals with and without the presence of NiO.
X-ray Photoemission Spectroscopy (XPS) profile of the deposited NiO is shown in Fig. 3 . The survey scan shown in Fig. 3 confirms the existence of a slightly oxygen rich NiO. Inset figures show (a) the Ni 2p (both 2p 3=2 and 2p 1=2 ) and (b) the O 1s elemental scan. Both these peaks occur at higher binding energy than that reported for stoichiometric NiO.
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The peaks at higher binding energy are attributed to the Ni 3þ states, which is a result of defects inside NiO crystal. Usually in NiO, the defects are formed as metal deficiency or oxygen interstitials. Both Figures 3(a) and 3(b) prove that the deposited NiO has metal vacancy sites created due to defect formation. Each metal vacancy site in NiO contributes two holes to the crystal lattice. Thus, NiO that we deposited on Si becomes a p-type semiconductor, which aids transport of holes from Si to metal and blocks electrons. This is important for the selectivity of holes in p type contacts on Si.
To extract the Schottky barrier height, temperature dependent current-voltage (I-V) measurements were made within the temperature range of À40 C to 150 C. Note that the barrier height extracted using this method is the electrical equivalent of the M-S junction, but it may or may not be the physical barrier height of an M-I-S junction. For this reason, the extracted barrier height is termed as the effective Schottky barrier height. If the effective Schottky barrier height is expressed as / Bp for holes, the Schottky contact equation for a typical metal-semiconductor junction is defined as
where J is the current density, A * is the Richardson constant, T is the temperature in Kelvin, q is the electronic charge, k is the Boltzmann constant, and V is the applied voltage. The reverse saturation current J 0 can be approximated as
From rearranging this equation, we can write Therefore, ln
T curve is a straight line with a slope of À q/ Bp k . This curve is known as the Richardson plot which is used in this study to extract effective Schottky barrier heights of holes.
From the temperature dependent current-voltage (I-V) curves, the reverse saturation current is extracted. The Richardson plots of M-I-S contacts along with the corresponding M-S contacts are shown in Fig. 4 . The experimental results shown in this figure can be fitted reasonably well with a straight line. This signifies that the theory described above is equally applicable to both M-S and M-I-S Schottky contacts, considering effective Schottky barrier heights for M-I-S contacts. From the slopes of the straight lines shown in Fig. 4 , the effective Schottky barrier heights are extracted and shown as a function of metal workfunction in Fig. 5 . For low workfunction metal like Al, the Schottky barrier height increases with the insertion of NiO, whereas for high workfunction metal like Pt, the Schottky barrier height decreases. This means that insertion of NiO moves the Fermi level pinning position of metals according to their workfunction. Therefore, it is proven that M-I-S contacts with NiO as insulator on p-Si can provide effective Fermi level depinning of metals so that for high workfunction metal Schottky barrier height for holes decreases. Effective barrier height for both the test and control sample shows linear variation with respect to the change in metal workfunction.
From Fig. 5 , we can extract the pinning factor (S) experimentally by calculating the slope of the straight line fitting the data points. The experimentally determined pinning factor along with the theoretical calculation from Eq. (1) is tabulated in Table I . A good agreement is seen in experimental and theoretical calculations. The pinning factor of M-S contact shows consistent result with previously reported experimental results 6 also. Effective metal workfunction is calculated directly from the extracted effective barrier height considering the electron affinity (4.0 eV) and bandgap (1.12 eV) of silicon. Then the CNL of NiO and Si is calculated using Eq. (2) and tabulated in Table II . CNL values are consistent for different metal workfunctions and match well with the previously reported values. 9 To predict NiO's performance in lowering contact resistivity, we calculate conductivity of Pt/NiO/p-Si device using the Tsu-Esaki model
where T( ? ) is the transmission evaluated from numerical solutions to the Schr€ odinger and Poisson equations. 7 NiO electron affinity is assumed as 1.5 eV, which is reported consistently in the literature. 12 The bandgap of NiO reported in the literature varies from 3.6 to 4.0 eV. 13 Since the contact resistivity depend on the tunneling barrier, bandgap variation changes contact resistivity. We vary the bandgap of NiO and calculate the contact resistivity as a function of NiO thickness (Fig. 6) . The results show that NiO has the potential to lower contact resistivity but it is exponentially sensitive to the barrier height (band gap) and barrier thickness, as expected in tunneling systems. However, around the thickness of 5 Å , which roughly represents one monolayer of NiO, contact resistivity improves irrespective of the bandgap. This signifies the impact of lowering Schottky barrier height in reducing contact resistivity. Deliberate engineering of the NiO gap and precise control of the thickness are the promising tools for making low-resistance contacts.
Si doping density considered in this study (10 16 cm À3 ) is relevant for photovoltaics (PV) application. Contact resistivity will be reduced substantially for higher doping density. Although Pt was chosen as a representative high workfunction metal, the result shown in this simulation holds for any high workfunction metal. Nickel (/ M ¼ 5:25 eV) can be another low cost alternative to Pt suitable for photovoltaics.
In summary, NiO is shown as a potential insulator for M-I-S contact on p-Si to depin the Fermi level. Experimental results suggest that for high workfunction metal, Schottky barrier height seen by holes can be lowered significantly. This type of structure enables low resistance contact without the necessity of high doping. Besides reducing Schottky barrier height, NiO offers high conduction band offset but low valence band offset to Si. Therefore, M-I-S contact with NiO as insulator on p-Si is a potential candidate for carrier selective contact, which is extremely useful in photovoltaic devices.
